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Abstract
Photofragmentation laser-induced fluorescence (PFLIF) is for the first time performed based on picosecond laser pulses for detection of hydroperoxyl radicals (HO 2 ) in a stoichiometric laminar methane/air flame. Photofragmentation is performed with a pump laser pulse of 80 ps duration and a wavelength of 266 nm, whereupon the produced OH photofragments are detected by a second picosecond probe laser pulse, inducing fluorescence via excitation in the A 2 Σ + (v=1) ← X 2 Π(v=0) band of OH near 283 nm. Excitation spectra of the OH photofragments formed in the reaction zone were recorded for pump-probe delays ranging from 0 to 5 ns. The spectra suggest that the population distribution of the nascent OH fragments is rotationally cold and that it takes on the order of 5 ns for the nascent nonequilibrium rotational distribution to relax into a thermal distribution. The radial OH-fragment distribution was extracted from spectral images (radial position vs emission wavelength)
recorded at six different pump-probe delays. Photochemical OH production was observed both in the reaction zone and the product zone. Comparison with a kinetic model for OH production suggests that more than 20% of the oxygen fragments produced by photolysis in the reaction zone are formed in the excited 1 D state, explaining a very rapid initial signal growth. The OH-production model was also compared with previous reaction-zone data, acquired with nanosecond laser pulses in the same flame, indicating that no O( 1 D), but only O( 3 P), is formed. A plausible explanation of the discrepancy between the two results is that the picosecond pulses, having more than two-orders of magnitude higher irradiance than the nanosecond pulses used in the previous study, might cause 2-photon photodissociation, allowing production of O( 1 D). In terms of flame diagnostics with PFLIF, it is concluded that a setup based on nanosecond laser pulses, rather than picosecond pulses, appears preferable since photochemical OH production in the reaction zone can be avoided while for short delay times the ratio between the photofragment signal and the photochemical interference in the product zone, stemming from CO 2 photolysis, is sufficiently large to clearly visualize the photofragments.
Introduction
Hydrogen peroxides (HO 2 oxidation of the fuel [3] . In H 2 /O 2 combustion, the reaction H 2 + O 2  HO 2 + H initiates chain branching and is thus of great significance [4] . Furthermore, the thermal decomposition of hydrogen peroxide is a pivotal chain-branching reaction in combustion engine concepts based on autoignition [5] [6] [7] , for example the homogenous charge compression ignition (HCCI) engine, which relies on simultaneous autoignition at multiple locations [8] . It is evident that there is a strong need for techniques able to detect H 2 O 2 and HO 2 in-situ with high species selectivity as well as high spatial and temporal resolution.
Hydrogen peroxides have been detected with various absorption-spectroscopic techniques [9] [10] [11] [12] [13] [14] [15] [16] . Recently, Sajid et al. used mid-infrared absorption spectroscopy near 7.7 µm to measure the rate of hydrogen peroxide decomposition behind reflected shock waves [17] .
Absorption-based techniques are attractive for measuring absolute species concentrations since the signal is unaffected by predissociation and quenching. The measured absorption signal is, however, integrated along a line of sight and measurements are therefore restricted to volumes in which variations in concentrations and temperatures along the line of sight are insignificant.
Laser-induced fluorescence (LIF) is a popular technique for combustion diagnostics since it offers the possibility to measure concentrations of trace species with high temporal and spatial resolution [18, 19] . In particular its ability to deliver two-dimensional snapshot visualizations makes LIF very attractive for combustion studies, where the conditions often are turbulent. Unfortunately, the electronic structure of HO 2 and H 2 O 2 prevents direct detection with LIF based on electronic excitation [20] due to the unbound excited electronic states, and UV excitation hence leads to dissociation into fragments [21] . It is, however, possible to indirectly visualize hydrogen peroxides using LIF as a probe for OH photofragments created by a preceding dissociative UV laser pulse. This pump-probe technique is called photofragmentation laser-induced fluorescence (PFLIF) [22] [23] [24] .
Previously, our group has developed and demonstrated PFLIF based on nanosecond (ns)
laser pulses for two-dimensional imaging of H 2 O 2 in an HCCI engine [25, 26] and HO 2 in laminar flames [27] . Recently we have shown the possibility to combine structured illumination with PFLIF to visualize hydrogen peroxides on a single-shot basis [28] . In the flame study, a photochemically induced OH signal, originating from photolysis of hot CO 2 , was observed in the product zone of the flame [27] . It was concluded that hot CO 2 is photodissociated by the pump pulse into CO and O, whereupon the oxygen atoms form OH upon reactions with H 2 O or H 2 . The intensity of this unwanted interfering signal was found to increase with increasing pump-probe delay up to a delay of ∼1 µs, where the signal starts to decrease with increasing delay (see Fig. 10a in [27] ). It was also observed that the intensity of the signal-of-interest, i.e. OH fluorescence stemming from photolysis of HO 2 present in the reaction zone, increases by ∼25% as the pump-probe delay increases from 10 to 200 ns (see Fig. 10b in [27] ). The reason for this intensity growth was not discussed in [27] . [31] . In order to understand the origin of the increasing signal in the reaction zone, as well as investigating the early buildup of the product zone interference, pump-probe studies with delays significantly shorter than allowed by nanosecond pulses are needed.
In the present work, PFLIF experiments based on picosecond (ps) laser pulses, allowing sub-nanosecond pump-probe delay times, have been performed in a laminar stoichiometric methane/air flame at atmospheric pressure. The pump pulse is of 266-nm wavelength, while the wavelength of the probe pulse is tunable, allowing OH fragment excitation spectra to be recorded at different pump-probe delays. These excitation spectra reveal the rotational population dynamics of the produced OH (X 2 Π) photofragments, which to the best of our knowledge, has not been studied in atmospheric flames previously. Furthermore, spectrally dispersed fluorescence along a horizontal line through the flame was recorded for a set of pump-probe delays. These data provide information about the temporal development of the OH fragment signal in the reaction and product zone, respectively. An analytical expression for OH production in the reaction zone, based on both O( 3 P) and O( 1 D) reactions, was derived. Experimental data recorded in this work, using picosecond laser pulses, as well as previously recorded data, based on nanosecond laser pulses, are compared with simulated OH fragment production curves based on the aforementioned expression. From these comparisons it is possible to estimate O( 3 P)/O( 1 D) branching ratios for the two cases.
The paper is structured as follows: following this introduction, the experimental arrangement is described followed by a description of the model for photochemical OH production in the reaction zone. Then the results are presented and discussed, before the paper ends with a section summarizing the major conclusions of the study.
Experimental setup
The experimental setup for picosecond PFLIF is schematically displayed in Fig. 1 
nm) with a linewidth of ∼5 cm -1 and with a minimum wavelength increment of 0.05 nm. The spectral resolution of the excitation spectra was determined by the convolution of these limiting factors and was found to be ~8.3 cm -1 . The pulse energy of the pump laser was roughly 5 mJ, except during the excitation scans when it was slightly lower (3.5 mJ). The pulse energy of the probe laser was varying between 0.3-0.7 mJ depending on the wavelength.
The pump and probe pulses were spatially overlapped by a dichroic mirror (DM) and focused over the center of the burner by a spherical lens. In this work mainly two studies were performed; first excitation spectra recorded at different pump-probe delays were investigated and, second, the induced photofragment signal was studied at different pump-probe delays with the probe laser set at a fixed wavelength. A spherical lens with a focal length of 500 mm was used for the excitation scans, while a focal length of 300 mm was used in the pump-probe delay studies. The 300-and 500-mm lenses gave a 266-nm laser diameter of 140 and 400 µm, respectively in the focus, while both lenses resulted in a diameter of 500 µm for the probe beam. The reason why a lens with a shorter focal length was used in the latter case is because a smaller focal spot enhances the photochemical interference in the product zone, which is important in order to demonstrate how this contribution depends on the pump-probe delay as clearly as possible. The time delay between the pump and probe pulse was variable between 0-5 ns via an adjustable optical delay line, calibrated by streak camera measurements. By guiding the pump pulse outside the optical delay line, delays of 12.5 ns and 22.5 ns could be realized as well. The OH-LIF signal (A 2 Σ + (v=0) → X 2 Π(v=0)) was collected at right angle relative to the direction of the laser beams and spectrally filtered with a band-pass filter (λ center =307 nm, FWHM=10 nm) in combination with a liquid N,N-dimetylformamide filter.
For the excitation spectra, the signal was imaged with an intensified CCD camera (Princeton Instruments, PI-MAX III) equipped with a UV-objective (B-Halle, f = 100, f/2). The camera gate was 30 ns and the timing was synchronized with the arrival of the pump pulse.
The spectrally resolved emission measurements were carried out using a 0.5-m focal length spectrograph (Princeton Instruments, Acton Model SP-2556). The spectrograph had a 1200 grooves/mm grating, blazed at 300 nm, and a horizontal slit with a width set to 100 µm, and an intensified CCD camera (Princeton Instruments, PI-MAX III 1024x1024 pixels).
Neglecting any diffraction effects and aberrations, an instrument line profile of a trapezoid with 0.04 nm full width at half maximum (FWHM) was estimated. The pixels were binned in the vertical direction giving images with a size of 1024x512 pixels. In these measurements, the camera gate was 50 ns and the timing was synchronized with the arrival of the pump pulse.
The measurements were conducted at atmospheric pressure in a stoichiometric premixed laminar CH 4 /air flame 1.5 cm above a burner consisting of two coaxial tubes with 2. to obtain OH fluorescence that was linearly dependent on the laser intensity.
The energies of the probe pulses were monitored by a photo-diode, allowing compensation for fluctuations in the probe laser energy. Such compensation was carried out on the recorded excitation spectra, since the pulse energy of the probe laser varies when the wavelength is changed. analyzed spectrally dispersed using a spectrograph or imaged directly with an ICCD camera. 
Model for photochemical OH production in the reaction zone
where [OH] 0 is the initial OH concentration and the expressions for k 0 corresponding to O (  1 D) and O( 3 P), respectively, are given by
whereas the corresponding expressions for k eff are
Rate constants for reactions (1) to (4), found in the literature, are given in Table 1 . 295 Blitz et al. [37] As can be seen in (3) and (4), as a function of time can be written:
where
Using rate constants from 
It is now possible to formulate a general expression for photochemical OH production in the reaction zone by combining Equation (8P), corresponding to OH production from directly [27] . The fragment signal is thus strongly dominated by fluorescence from OH created by HO 2 photolysis. Figure   2 shows OH fragment excitation spectra for three different pump-probe delay times, namely 0.5, 2.0 and 5.0 ns, together with a spectrum recorded without firing the photolysis laser, i.e. a spectrum corresponding to the naturally present OH in the reaction zone. To facilitate comparison of the spectral shapes, the spectra are normalized to the intensity of the strongest peak, which is situated at 283.0 nm and corresponds to Q 2 (1,2,3), forming a bandhead that overlaps with Q 1 (6) . The normalized spectra allow investigation of how the rotational population distribution of the created OH fragments varies with pump-probe delay as it is reflected through the relative strengths of the spectral peaks.
As can be seen in Fig. 2 , overall the shapes of the spectra appear rather similar. However, a closer look reveals some differences; for example, the relative intensity of the peak at 284.0 nm, corresponding to the overlapping Q 1 (9) and Q 2 (8) of the available energy is transferred into vibrational and rotational energy in the OH fragment [29] . Thus, the nascent OH fragments are vibrationally and rotationally cold. An excitation spectrum based on the nascent rotational population distribution measured by Sinha et al. [29] was simulated and compared to our spectrum recorded at a pump-probe delay of 0.5 ns, as shown in Fig. 3 . Overall, the two spectra have similar shapes, dominated by the doublepeak at 283.0-283.1 nm, corresponding to transitions originating in low-energy rotational states, while the other peaks, corresponding to transitions mainly stemming from higher rotational states, are all below 35% of the intensity of the highest peak. There are minor differences between the two spectra, which is not surprising as they correspond to somewhat different photolysis wavelengths (266 nm for our experiment and 220 nm for the experiment by Sinha et al.) and the fact that our spectrum is acquired at 0.5 ns pump-probe delay, during which some rotational relaxation certainly has occurred, while the results reported by Sinha et al. are for truly nascent fragments, i.e. zero delay. The analysis of the excitation spectra recorded in the reaction zone of the stoichiometric CH 4 /air flame hence suggests that the population distribution of the nascent OH fragments is rotationally cold and similar to the nascent distribution resulting from HO 2 photolysis previously measured by Sinha et al [29] . Furthermore, the results indicate that it takes on the order of 5 ns for the non-equilibrium nascent rotational distribution to relax into a thermal distribution.
OH fragment emission spectra recorded at different pump-probe delays in the flame
Spectrally resolved ps-PFLIF spectra were recorded with the probe laser tuned to 283.0 nm, i.e. the strongest peak in the spectra shown in Fig. 2 . Having the spectrograph oriented so that its entrance slit is horizontal allows acquisition of spectrally dispersed fluorescence along a horizontal line through the flame, defined by the focused probe laser beam, i.e. the resulting image on the CCD camera has the spectral scale on the horizontal axis and radial position in the flame on the vertical axis. Measurements were undertaken at six different pump-probe delay times, ranging from 0.5 ns to 22.5 ns. Figure 4 shows the result obtained with a delay of 4.0 ns. Panel (a) shows the spectral image with wavelength along the horizontal axis, radial distance along the vertical axis, and the color reflects the relative signal intensity as defined by the color bar to the right. The different combustion zones are defined as follows; the unburnt zone is situated between -0.5 and 0.5 mm, the reaction-zone signal covers the range 0.5 to 1.5 mm, and the product-zone signal ranges from 1.5 to 2.25 mm. By integrating the signal along the vertical direction in each zone, the average spectrum in each zone was extracted, and these spectra are displayed in panels (b)-(d). corresponds to the unburnt zone, (c) the reaction zone, and (d) the product zone.
The signal in the spectrum corresponding to the unburnt zone, shown in (b), is essentially zero throughout the entire spectral range, except the negative peak at around 315 nm. It has been found that the pump pulse dissociates methane and produce excited CH fragments, emitting fluorescence via the C 2 Σ + -X 2 Π transition near 315 nm [40, 41] . Although this emission should be canceled through subtraction, it is possible that the probe pulse dissociates or photoionizes some of the produced CH*, and then a negative net signal near 315 nm should appear.
The spectral positions of the peaks in the reaction-zone and product-zone spectrum, shown in (c) and (d), respectively, prove that the emission in these zones is LIF from OH fragments. The signal in the reaction zone stems from HO 2 photolysis. As already alluded to in the introduction, it is known from previous work that OH can be produced photochemically in the product zone via photolysis of CO 2 , whereupon the produced oxygen atoms react with to specify since the photoionization rate is critically dependent on the spatial probe laser profile, which was neither a top-hat nor a smooth Gaussian.
OH fragment signals recorded at different pump-probe delays
Radial profiles were extracted from spectral images recorded at different pump-probe delays (Fig. 4(a) shows the spectral image acquired for 4-ns delay) by integrating the signal in the regions 306-314 nm and 316-320 nm, which were chosen to avoid the negative signal contribution in the unburned zone near 315 nm (see Fig. 4(b) ), and Fig. 5 shows the resulting signal profiles. 
Analysis of the product-zone signal
The product-zone signal, taken as the average signal between 1.75 and 2.0 mm in Fig. 5 , is plotted versus pump-probe delay in Fig. 6 . The square symbols designate our results, while the circles are results by Johansson et al. [27] , who performed a similar study in the same flame, using the same laser wavelengths but with laser pulses of 5-ns duration. Johansson et al. [27] , and the solid line is a chemical-kinetic calculation of OH production from Johansson et al. [27] .
Analysis of the reaction-zone signal
From the data shown in Fig. 5 , the peak intensity in the reaction zone was extracted for each pump-probe delay. Given that the flame was not one-dimensional, but rather had a circular cross section if cut in a horizontal plane, the curvature of the flame together with the widths of the laser beams caused the signal in the product zone to "bleed" into the reaction zone. To compensate for this effect, the average signal intensity between 2.0 and 2.2 mm was subtracted from the reaction-zone peak intensity for each pump-probe delay. The resulting reaction-zone signal versus pump-probe delay is shown in Fig. 7(a) . Although the data points are somewhat scattered, which is mainly due to difficulties in maintaining identical spatial overlap of the pump and probe laser beams as the delay between the two laser pulses are changed using the optical delay line (see Fig. 1 ), Fig. 7(a) clearly shows that the signal in the reaction zone is increasing with increasing pump-probe delay.
The signal growth rate is highest initially and then decreases with increasing delay. For the four shortest pump-probe delays (0.5-5.0 ns), the results reported in Section 4.1 show that the rotational population distribution of the OH fragment is non-thermal in this temporal regions, which suggests that the early signal increase, to some extent, might be due to rotational energy transfer processes. However, LIFBASE simulations [42] based on the nascent rotational population distribution measured by Sinha et al. [29] and a thermal distribution corresponding to 1000 K suggest that the signal growth due to population transfer should be only 20%. An exponential function of the form I(t) = I 0 -Ae (-kt) was fitted to the data points (solid line in Fig. 7(a) Just like for the product-zone signal discussed in the previous Section (4.3.1), it is interesting to compare the temporal development of the reaction-zone signal observed in the present study ( Fig. 7(a) ) with the corresponding result obtained by Johansson et al. [27] , which is indicated by the square symbols in Fig. 7(b) . Both the present data and the result A steep initial gradient is expected if a fraction of the produced oxygen atoms ends up in the excited 1 D state, which indeed is observed in the present result ( Fig. 7(a) ). However, if all oxygen atoms are formed in the 3 P ground state a much slower OH production is expected, which seems to be the case for the data recorded by Johansson et al. (Fig. 7(b) ). Production of OH through oxygen atoms formed by HO 2 photolysis will be discussed in the following section. Figure 8 shows OH-production curves calculated with Equation (12) Even though the scattering of the data points acquired in the present experiment, shown in Fig. 7(a) , prevents a precise quantitative determination of the O( 1 D)/O( 3 P) branching ratio, the very large rate constant found by the fit (solid line in Fig. 7(a) ), i.e. 1. Fig. 7(a) indicates that the OH signal increases by a factor 4 between 0 and 22.5 ns.
Production of OH in the reaction zone through oxygen-atom chemistry
As can be seen in Fig. 8 , the corresponding ratio increases with x, and the highest ratio, obtained for x = 1, is 1.65. Thus, the experimental ratio is higher than the maximum ratio predicted by the model, although a branching ratio of 1.0 lies within the uncertainty of the experimental data (accounting for the standard errors of the fit indicates that the ratio can be as low as 1.5). This observation suggest that the branching ratio should be close to unity, but since the data points are quite scattered and the number of data points are small we stand by the conclusion that at least 20% of the oxygen atoms are formed in the excited 1 D state. This result is hence different from the previously discussed result obtained with nanosecond laser photolysis, for which only O( 3 D) production is indicated, which will be further discussed in the next section. 
Discussion of differences in HO 2 photolysis with picosecond and nanosecond laser photolysis
Based on heat of formation data [44, 45] is that the picosecond laser pulses might cause 2-photon photodissociation. The irradiance of the 80-ps photolysis laser pulses used in the present study was ∼400 GW/cm 2 while it was 2.5 GW/cm 2 for the 5-ns laser pulses used by Johansson et al. [27] . These numbers indicate that the probability for 2-photon absorption is about four orders of magnitude higher in the present study than in the experiments by Johansson et al. Multi-photon photodissociation of CH 4 has been observed with similar laser irradiance as the one used in the present study [41] .
With the energy corresponding to two 266-nm photons (9.32 eV) available, the excess energy becomes 6.56 eV, which definitely is sufficient to excite the oxygen fragment into its 1 D state. In fact, this excess energy in principle also allows production of OH(A 2 Σ + ).
Spectrally resolved emission observed with only the photolysis laser fired (not shown)
indicates a weak OH fluorescence signal. However, the spatial distribution of this signal does not show a peak in the reaction zone, but rather a profile reflecting the distribution of natural OH in the flame. Given the relatively broad linewidth of the picosecond laser pulse (∼ 5 cm -1 , FWHM), it is possible to excite OH using weak vibronic transitions in the vicinity of 266.0 nm [46] , which thus may be the origin of the observed weak OH fluorescence.
Diagnostic implications
In terms of HO 2 diagnostics through PFLIF, i.e. photodissociation followed by OH fragment detection with LIF, the present study, performed in a premixed stoichiometric CH 4 /air flame,
shows that it is possible to virtually eliminate the product-zone interference, due to photochemically produced OH, by using 80-ps laser pulses and a pump-probe delay time shorter than 4 ns, as shown in Fig. 5 . However, the high irradiance of the picosecond photolysis pulses induces prompt emission, which has not completely vanished for pumpprobe delays shorter than 5 ns, and therefore this background signal must be subtracted.
Furthermore, it is found that the signal-of-interest, i.e. the OH fragment fluorescence stemming from HO 2 in the reaction zone, increases rapidly with increasing pump-probe delay, mainly due to very fast OH production through O( 1 D) + CH 4 → OH + CH 3 . Thus, using highintensity picosecond laser pulses results in a photochemical interference whose magnitude is strongly dependent on the pump-probe delay time. The result obtained with the shortest pump-probe delay investigated, i.e. 0.5 ns, shown in Fig. 5(a) , exhibits a signal-to-noise ratio of 2, which indicates that decreasing the pulse energy, in order to reduce the production of O( 1 D) by 2-photon photodissociation, is not a viable alternative for studies in the present flame, as the signal-to-noise ratio then becomes too low. Although beneficial in terms of reducing photochemical interferences, using pump-probe delays shorter than 5 ns implies OH fragments with non-thermal rotational distributions, which complicates quantification of the results.
An analysis of PFLIF measurements performed in the same flame by Johansson et al.
[ 27] , shows that photochemical OH production occurs in the reaction zone also when nanosecond laser pulses are used. However, our OH-production analysis suggests that no O( 1 D), but only O( 3 P), is formed upon HO 2 photolysis with the moderate irradiance used by
Johansson et al., the photochemical OH production is at least two orders of magnitude slower than for the high-intensity picosecond laser photolysis used in the present work. Equation 12 with x = 0, i.e. the solid black line in Fig. 8 , shows that the signal contribution due to photochemically produced OH is only 1.5% of the nascent OH fragment concentration for a pump-probe delay of 10 ns. Thus, we conclude that PFLIF using nanosecond laser pulses can be performed for HO 2 detection in premixed CH 4 /air flames with negligible photochemical interference in the reaction zone. However, the photochemical interference in the product zone cannot be eliminated, which is possible with picosecond pulses, as can be seen in Fig. 5 .
Our overall conclusion in terms of flame diagnostics with PFLIF is that a setup based on nanosecond laser pulses, rather than picosecond pulses, appears preferable, since photochemical OH production originating from the HO 2 photolysis can be avoided and the photochemical interference in the product zone, stemming from CO 2 photolysis, can be minimized using the shortest possible pump-probe delay. In order to avoid the risk of probing non-thermal OH fragments, the pump-probe delay should not be shorter than 10 ns if laser pulses of 5 ns duration are used. It should however be emphasized that the optimum choice, nanosecond or picosecond PFLIF, is dependent on the flame chemistry, which varies with fuel and stoichiometry. Thus, for application in an arbitrary flame, the experimental setup should, if possible, be selected based on predictions from chemical kinetics modelling. Although an investigation of the capacity of the method for various flames is outside the scope of the present work, it should be noted that the production of O( 1 D) through 2-photon dissociation rapidly decreases with decreasing pump laser irradiance. Hence, for flames containing higher concentrations of hydrogen peroxides, it might be possible to use picosecond pulses of lower irradiance while obtaining adequate signal-to-noise ratio and suppression of the product-zone interference. Picosecond studies would be particularly attractive for flames where the H 2 O 2 concentration strongly exceeds the HO 2 concentration, since production of two OH fragments is a very dominant channel in H 2 O 2 dissociation [47] . An experimental and modelling study performed by Rodriguez et al. [48] shows that the low-temperature oxidation of dimethyl ether (DME) yields significantly higher concentrations of H 2 O 2 than HO 2 . This finding indicates that ps-PFLIF might be a better alternative than ns-PFLIF for studies of hydrogen peroxide in DME flames.
Conclusions
Photofragmentation laser-induced fluorescence (PFLIF) was for the first time performed with picosecond laser pulses for detection of hydroperoxyl radicals (HO 2 ) in a stoichiometric laminar methane/air flame. Photofragmentation is performed with a pump laser pulse of 80 ps duration and a wavelength of 266 nm, whereupon the produced OH photofragments are detected by a second 80-ps probe laser pulse, inducing fluorescence via excitation in the A 2 Σ + (v=1) ← X 2 Π(v=0) band of OH near 283 nm. Excitation spectra of OH photofragments formed in the reaction zone suggest that the population distribution of the nascent OH fragments is rotationally cold and that it takes on the order of 5 ns for the nascent nonequilibrium rotational distribution to relax into a thermal distribution. Photochemical OH production was observed both in the reaction zone and the product zone of the flame.
Comparison with a kinetic model for OH production suggests that more than 20% of the oxygen fragments produced in the reaction zone are formed in the excited 1 D state, which explains the very rapid initial signal growth observed. The OH-production model was also compared with previous reaction-zone data, acquired with nanosecond laser pulses in the same flame, indicating that only ground-state ( 3 P) oxygen atoms are formed. The clear difference between the two results is most likely due to the fact that the picosecond pulses, having more than two-orders of magnitude higher irradiance than the nanosecond pulses used in the previous study, may cause 2-photon photodissociation, which allows O( 1 D) to be produced. In terms of flame diagnostics with PFLIF, it is concluded that a setup based on nanosecond laser pulses, rather than picosecond pulses, appears preferable, since photochemical OH production in the reaction zone can be avoided and the photochemical interference in the product zone, stemming from CO 2 photolysis, can be minimized by using as short pump-probe delay as possible. However, in terms of applications in other flames, it is noted that it might be possible to use picosecond pulses of significantly lower irradiance,
given that the flame contains a significantly higher concentration of hydrogen peroxides. In such cases picosecond pulses together with a short pump-probe delay, could potentially allow efficient suppression of the product-zone interference while still obtaining adequate signal-tonoise ratio. In particular, picosecond studies appear attractive for flames containing H 2 O 2 at a concentration that strongly exceeds the HO 2 concentration, since the production yield of oxygen atoms is much lower for H 2 O 2 than for HO 2 .
